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INTRODUCTION
Ischemic stroke is now a leading cause of death all over the world as well as a major factor of disability in senior adult (1) . Timely restoration blood and oxygen supply of the brain is crucial for oxygen/glucose deprivation (OGD) neuronal. However, it may also causes a delayed neuronal injury: cerebral ischemia/reperfusion injury (IRI). Complex pathological mechanisms have been involved in the process of cerebral IRI, including a burst generation of ROS, activation of autophagy, the loss of the MMP, MPTP opening and release of apoptotic factors (2) (3) (4) . As the center of cell respiration and energy generation, mitochondria exerts a significant impact during the process of cerebral IRI. Mitochondrial dysfunction which is closely related to the final cell death has been considered a fundamental factor among the pathophysiology of cerebral IRI (5) .
Timely elimination of damaged or dysfunctional mitochondria is thought to be essential to protect cells from ischemia stress during the process of cerebral IRI (6) . Mitophagy is one type of selective autophagy which can identify and remove aberrant mitochondria to maintain mitochondria homeostasis (7) .Hydrogen(H2) is a colorless,odorless and rapid diffusion medical gas which has been confirmed to have favorable therapeutic effects on cerebral I/R injury (8) . As a high penetration gas, H2 was thought to be easily transported to mitochondria and protected mitochondrial function during the treatment of cerebral IRI (9) . As mentioned above, mitophagy also has a protective effect on mitochondrial function in the process of cerebral IRI. However, the relationship between H2 and mitophagy and whether the protective effects of H2 on OGD/R neurons is mediated by regulating mitophagy are still largely unknown.
In this study we established an in vitro model of cerebral I/R injury by subjecting primary culture hippocampal neuronal cells to OGD/R. Cell viability, intracellular ROS level, neuronal apoptosis tatio,MMP were determined to evaluate the effect of H2 on OGD/R damaged hippocampal neurons. And then mitophagy level and mitophagy-related factors LC3, PINK1 and Parkin were also detected by RT-PCR and western blot to analysis the expression of mitophagy in each group and to further explore whether hydrogen exerts the neuroprotective role by regulating mitophagy mediated by PINK1/Parkin signaling pathway.
RESULTS

H2 significantly repaired OGD/R-induced impairments in hippocampal neurons
To explore the effect of H2 on OGD/R hippocampal neurons, cell viability was investigated by MTT assay. Assuming the cell viability of the Control group is 100％, the result was shown in Fig1. The exposure to OGD/R significant decreased cell viability (47.16％±3.17％) compared to the Control group (p<0.01). Addition of 3-MA at the stage of reoxygenation exacerbated OGD/R injury while H2 and RAP can alleviate this damage with cell viability 22.97％±3％compared to 64.35％ ±2.78％ and 65.5％±2.77％ (p<0.01). Furthermore, extra added 3-MA in H2 group and RAP group also influenced their protective effect with cell viability drop down to 40.82％±2.7％ and 43.52％±3.8％(p<0.05). The protect effect of groups adding H2 and RAP at same time had no significant difference with groups that adding H2 or RAP alone.
H2 protects hippocampal neurons against apoptosis induced by OGD/R
In order to elucidate the effects of H2 on OGD/R induced apoptosis in neurons, Annexin V/PI double staining was conducted to analyze apoptotic cell populations with a flow cytometer. The total amount of apoptotic cells were detected in quadrant Q2+Q3, which indicated early and late apoptosis. As revealed in Fig 2, compared with Control group, the percentage of apoptosis cells were significantly increased in OGD/R group (41.42％±4.08％). Treatment with H2 and RAP could protect hippocampal neurons with apoptosis rate drop down to 28.43％±2.49％and 27.44％ ±3.17％. While addition of 3-MA further aggravated OGD/R injury with apoptosis rate up to 51.58％±2.64％and it also attenuated the protective effect of H2 (36.94％ ±2.66％) and RAP (38.77％±3.49％). In the end, the effect of adding H2 and RAP at the same time had no significant difference with the effect that adding H2 or RAP alone.
H2 decreases ROS production in OGD/R hippocampal neurons
Intracellular ROS levels were monitored using the fluorescent dye DCFH-DA. As is shown in Fig3, in OGD/R group, the red fluorescence increased dramatically, indicating that ROS level increased after treatment with OGD/R. However, H2 and RAP effectively inhibited the red fluorescence. Treatment with 3-MA not only increased ROS accumulation in neuronal cells after OGD/R but also inhibited the protective effect of H2 and RAP. The semi-quantitative analyses of fluorescence intensity also showed the same trend,when treated with OGD/R,the relative fluorescence intensity up to 275.49%±39.32%,while H2 and RAP decreased it to 181.61%±17.49% and 186.99%±8.74%.3-MA increased the fluorescence intensity to 445.98%±56.38% after OGD/R and it also increased the fluorescence intensit in H2(245.61%±27.05%) and RAP(260.7±20.64%).The relative fluorescence intensity had not significantly decressed when exposed to H2 and RAP at the same time compared with the result that adding H2 or RAP alone(P<0.05).
H2 protects against loss of mitochondrial membrane potential (MMP, ∆ψm)
Mitochondrial membrane potential (MMP, ∆ψm) in each group was evaluated by JC-10 and flow cytometry. As is shown in Fig 4(A) , JC-10 formed into aggregates which showed red fluorescing in Q2 quadrant. After exposed to OGD/R, the proportion of cells in Q3 quadrant increased which means aggregates break up into green fluorescing monomers. The percentage of cells exhibiting low membrane potential(green fluorescing) indicated the loss of MMP. The semi-quantitative analyses is shown in Fig 4(B) ,compared with OGD/R group, treatment with H2 and RAP significantly protected against impaired mitochondrial function. While, additional of 3-MA not only aggravated the loss of MMP but also weakened the protect effect of H2 and RAP. The protective effect in OGD/R+H2+RAP group had no significant difference with the OGD/R+ H2 group or OGD/R +RAP group.
H2 induces mitophagy in OGD/R hippocampal neurons
To evaluate the effect of H2 on mitophagy, the co-localization of LC3 and TOM20 was analyzed. TOM20 is the outer membrane protein of mitochondrial and we identified and labeled mitochondria by immunofluorescence staining of Tom20. LC3 is a recognized autophagy flux marker, the overlap of LC3 and TOM20 can reflect the level of mitophagy in cells. As is reflected in Fig 5(A) , OGD/R could increased the overlap percentage, while H2 and RAP further enhanced the level of overlap after OGD/R treatment. 3-MA decreased the overlap percentage after OGD/R treatment and reduced the level of mitophagy in H2 and RAP. The overlap coefficient(Green/Red) was also analyzed in Fig5(B). OGD/R treatment could significantly induce mitophagy compared with control group. While H2 and RAP further enhanced the level of mitophagy and 3-MA decreased mitophagy level after OGD/R. 3-MA also obviously reduced the level of mitophagy in H2 and RAP.
Effect of H2 on mitophagy and PINK1/Parkin signaling pathway LC3 is a currently recognized autophagy marker, the expression of LC3 can reflect the level of mitophagy to a certain extent (13) .As in shown in Fig 6 and 7 , the result of qPCR and western blot revealed that OGD/R could induce the expression of LC3 which can be further enhanced by H2 and RAP, while additional of 3-MA could decrease the level of LC3 in H2 and RAP. We further studied the effect of hydrogen on PINK1/Parkin pathway which was considered the best understood mitophagy system to date (14) . The result demonstrated that OGD/R injury could induce the expressions of mitophagy-related mRNA and proteins PINK1 and Parkin, while treatment with H2 and RAP could further enhance their level of expression. Autophagy inhibitor 3-MA inhibited the expressions of PINK1 and Parkin in OGD/R neurons and it also reduced PINK1 and Parkin expressions in H2 group and RAP group. But additional of H2 and RAP at same time didn't seem to significantly enhance the protein expressions compared with treatment with H2 or RAP alone, the reason was still not clear. Taken together, our findings indicated that OGD/R treatment could activate mitophagy in some extent which could be further increased by H2. The potential mechanism that H2 regulating the mitophagy may be related to the activation PINK1/Parkin signaling pathway.
DISCUSSION
Cerebral IRI is a well recognized clinical complication during the treatment of stroke, shock or cardiac arrest patients and there is no effective treatment in clinic. Due to the low energy storage capacity and the huge energy consumption, even a short interruption of blood or oxygen may cause severe damage to the brain. As the center of cellular respiration and ATP production, mitochondria plays an important role in various cell processes including oxidative stress, apoptosis, signal transduction and other cell biological processes(15).Deficient elimination of damaged mitochondria or excessive removal of normal function mitochondria will cause cell death (16) . The damaged mitochondria is the key factor that aggravate cerebral IRI,when exposed to I/R injury, the dysfunctional mitochondria is not only a major source of toxic ROS but also a trigger of endogenous apoptosis pathway (17) .
Timely elimination of dysfunctional mitochondria is thought to be essential to protect cells from ischemia stress during the process of cerebral IRI. Mitophagy,a specific mode of autophagy, plays an important role in identifying and clearing the aberrant mitochondria to maintain mitochondria homeostasis (18) . Through mitophagy, cells can promptly remove damaged or abnormal mitochondria, thereby protecting themselves from disorganized mitochondrial metabolism ,release of pro-apoptosis proteins and other hazards (19) .Although there is no unified systematic theory to explain the role of mitophagy in cerebral ischemia, more and more groups tend to support that mitophagy has a neuroprotective role in cerebral ischemia,at least to a certain extent (20) . Li et al (21) showed that RAP treatment attenuates mitochondrial dysfunction following cerebral ischemia in vivo model , which was linked to enhance mitophagy. Zhang et al (22) indicated that mitophagy-related mitochondrial clearance protected against cerebral I/R injury. Zhou et al (23)proposed mitophagy via up-regulating Parkin proteins expression and inhibiting oxidative stress responses mitigated focal cerebral I/R injury in rats. According to previous studies,autophagy activator RAP could induce mitophagy which can be inhibited by autophagy inhibitor 3-MA, so in this experiment design, RAP and 3-MA were added at the reoxygenation stage to induce or inhibit mitophagy.
As a traditional inert gas, H2 is now getting more and more attention as a useful and unique medical gas (24) . H2 is not only a selective scavenger of toxic ROS but also a signaling molecule and buffering agent (25) . Since H2 was first found to protect neurons from cerebral I/R injury in 2007 (8) , numerous studies have confirmed its neuroprotective in vivo.Li et al (26) showed that hydrogen-rich saline via up-regulation tregs exert neuroprotective effect in cerebral ischemia/reperfusion rats.Kimihiro et al (27) indicated that H2 inhalation improve the survival rate of mice following global cerebral I/R.Cui et al (28) proposed that water electrolysis-derived hydrogen inhalation had neuroprotective effects on cerebral ischemia/reperfusion injury in rats. There are relatively few studies about the neuroprotective effects of hydrogen in vitro model. So, in this research, primary cultured rat hippocampal neurons were exposed to OGD/R to simulate cerebral IRI in vivo. We detected cell viability of each groups by MTT and found that H2 and RAP could significantly increase cell viability, which proved that H2 and RAP could significantly attenuate OGD/R injury. While 3-MA further reduced cell viability in OGD/R neurons and weaken the protect effect of H2 and RAP.
Excessive ROS have been produced during the process of cerebral IRI which is closely related to the cellular oxidative damage (29) . We detected ROS level in each groups and found strong red fluorescent signals in OGD/R neurons which means the level of ROS remarkably increased, while H2 and RAP significantly reduced red fluorescence intensity in OGD/R neurons and inhibited the rise of ROS. 3-MA not only increased the ROS level in OGD/R neurons but also lessened the protective effect in H2 and RAP.
As MMP reflects the function of mitochondrial and indicates a pathological of mitochondria dependent apoptosis pathway (30), we examined the level of MMP in each group by JC-10 staining and flow cytometer, OGD/R treatment significantly increased the percentage of cells exhibiting low membrane potential(green fluorescing) which means the loss of MMP. H2 and RAP significantly increased red fluorescent signals exhibited a protective effect on MMP. But in 3-MA group MMP further decreased after OGD/R injury, it also reduced the level of MMP in H2 and RAP group. Subsequently, we also detected apoptosis level in OGD/R neurons, our data indicated that OGD/R injury could significantly improve the level of apoptosis in neurons which was depressed by the administration of H2 and RAP. Addition of 3-MA could aggravate apoptosis in OGD/R neurons, it also reduced the protective effect in H2 and RAP.
All of the above data showed that H2 and RAP could increase cell viability and reduce the neuronal apoptosis after OGD/R injury. The neuroprotective effect of H2 and RAP may be through inhibiting oxidative stress,restraining the loss of MMP and protecting the mitochondrial function during the process of OGD/R.
Owing to its favorable distribution characteristics, molecular hydrogen can rapidly penetrate biomembranes and diffuse into cellular components, such as mitochondria (31) . In recent studies, more and more researches suggested that hydrogen may had a protective effect on mitochondrial function. Cui et al (9) demonstrated that hydrogen-rich saline was able to attenuate neuronal I/R by protecting mitochondrial function in rats. Li et al (32) verified that hydrogen-rich saline could inhibit the isoflurane-induced cognitive deficit via inhibition of mitochondrial dysfunction. In a double-blind open-label trial, hydrogen-enriched water improves mitochondrial dysfunction in patients with polymyositis/ dermatomyositis (33). As mentioned above, mitophagy can also protect mitochondrial function by timely recognizing and clearing dysfunctional mitochondria in the process of cerebral IRI. It is plausible to speculate the neuroprotective role of H2 on cerebral IRI may be through regulating mitophagy, removing impaired or dysfunction mitochondria, and then to maintain the homeostasis of mitochondrial function/decrease oxidative stress/ anti-apoptosis.
During the process of mitophagy, damaged or dysfunction mitochondria was engulfed by vesicles that were coated with LC3 protein which can serve as binding partners for autophagy receptors and control the cell signaling events of mitophagy (34) . TOM20 is the outer membrane protein of mitochondrial, the co-localization of GFP-LC3 and TOM20 was analyzed. Our research was shown in Fig5, the overlap coefficient significantly increased after OGD/R which indicated the increase in the level of mitophagy. H2 and RAP could further enhance the level of mitophagy after OGD/R. On the contrary 3-MA reduced the level of mitophagy and it also decrease the level of mitophagy in H2 and RAP.
Mitophagy can be regulated by the PINK1 and Parkin factors, PINK1/Parkin pathway is the best understood mitophagy system to date. PINK1 serves as the sensor for the mitochondrial polarization state which rapidly degraded in normal mitochondria (35) . Degradation ability of PINK1 in dysfunction mitochondria is impaired, resulting in PINK1 accumulation on the outer mitochondrial membrane, leading to recruitment of Parkin from the cytosol (36) . Parkin on the mitochondrial membrane can further recruit the autophagy marker LC3 to mitochondrion, which promotes the mitophagy(37).
Having known that H2 and RAP could induce mitophagy after OGD/R, we want to further explore whether the protective effect of H2 on mitochondrial function was achieved by regulating PINK1/ Parkin-mediated mitophagy. Our data showed that H2 significantly induced the expression of mitophagy-related proteins PINK1 and Parkin in OGD/R neurons as same as RAP did. The addition of 3-MA reduced the expression of PINK1 and Parkin in H2 and RAP. PCR analysis also showed the same trend results that H2 and RAP increased the expression of mitophagy-related mRNA PINK1 and Parkin which was partly reduced by 3-MA. Taken together, the results of PCR and western blot indicated that hydrogen may activate mitophagy during the treatment of OGD/R injury and the potential mechanisms of hydrogen to promote mitophagy may be through activating PINK1/Parkin signaling pathway. But the exact mechanism that how hydrogen induces genes and proteins expression remained unclear.
Conclusion
In summary, our data demonstrated that H2 had a protective effect on cerebral I/R injury and the potential protection mechanism may closely related to the enhancement of mitochondrial function via mitophagy mediated by PINK1/Parkin signaling pathway.
MATERIALS AND METHODS
Primary Cultures of Hippocampal Neurons
Newborn Sprague-Dawley rats (less than 24 h old) were provided by the Animal Center of Guilin Medical University. The use of animals were according to internationally accepted principles for laboratory animal use and experimental protocols were approved by the Committee for Laboratory Animal Management of Guilin Medical University. The method of primary cultures of hippocampal neurons were based partly on previously study (10) . The chosen of newborn SD rats was to ensure the cell viability of hippocampal neurons and all the process of hippocampal dissociation were performed on ice. Hippocampal neurons were seeded in PLL-coated 6-well plates at a density of 7×10 6 /ml, and the composition of culture medium were DMEM supplemented with 10％horse serum, 0.5 mM Glutamine solution and 1％ Penicillin-Streptomycin Solution. Cells were maintained in a humidified incubator (37 °C with 5％CO 2 ) for 4 h until neurons adhesion well in plates. Then DMEM culture medium was replaced by Neurobasal-Medium culture medium (Invitrogen, cat.no.21103049) with 2％B-27 (Invitrogen, cat. no.17504044). Since that, half of the culture medium was replaced with fresh neurobasal feeding media every 2 days. The identification of neurons purity was performed by immunofluorescent staining with neuron specific enolase (NSE). The cultured hippocampal neurons can be used for experiments on days 7-9.
Oxygen/glucose deprivation/reoxygenation (OGD/R)
Neurons were washed with PBS for three times and then the medium was exchanged with pre-warmed glucose-free DMEM media which was pre-balanced in an O 2 free chamber at 37
• C. Subsequently, the cultures were placed in incubator supplemented with gas consisting of 94％N 2 , 5％CO 2 and 1％O 2 at 37
• C for 2 h as OGD. After that, the cultures were replaced with regular feeding medium in incubator supplemented with normoxic conditions consisting of 75％N 2 , 20％O 2 and 5％CO 2 at 37
• C for an additional 24 h as reoxygenation (11) .
Experimental groups design
The mature hippocampal neurons were randomly divided into 8 groups. 1. Control Group. Hippocampal neurons were placed into cell incubator which was supplemented with normoxic conditions consisting of 75％N 2 , 20％O 2 and 5％CO 2 at 37
• C; 2. Oxygen/glucose deprivation/reoxygenation Group (OGD/R Group), the process was like previously described; 3. OGD/R+H2 Group, the process of OGD was like before. At the stage of reoxygenation, the incubator was supplemented with H2-mixed gas consisting of 60％H2, 10％O 2 , 5％CO 2 , 25％N 2 at 37 ℃for 24 h; 4. OGD/R+RAP Group, the process was like before, at the stage of reoxygenation, RAP was added into the culture media to a concentration of 200 nmol/L; 5. OGD/R+3-MA Group, the OGD process was like before, at the stage of reoxygenation, 3-MA was added into the culture media to a concentration of 10 mmol/L. Then, the cultures was placed in incubator supplemented with normoxic conditions; 6. OGD/R+3-MA+RAP Group, the process was like before, at the stage of reoxygenation, RAP and 3-MA were respectively added into culture media to the concentration of 200 nmol/L and 10 mmol/L; 7. OGD/R+H2+3-MA Group, the process was like OGD/R+H2 Group. At the stage of reoxygenation, 3-MA was added into the culture media to a concentration of 10 mmol/L; 8. OGD/R+H2+RAP Group, the process was like before, RAP was added into culture media to a concentration of 200 nmol/L at the stage of reoxygenation. Temperature in the incubator was maintained at 37 ℃, with relative humidity 60％ (12) .
Cell viability assay
Hippocampal neurons were seeded in the 96-well plates exposing to each experimental treatment described before, after that 3-(4,5-Dimethyl-2-thiazolyl) -2,5-diphenyl-2-H-tetrazolium Bromide (MTT) was added at a final concentration of 5 mg/ml for 4 h. After the incubation, the medium was removed and cells were dissolved in DMSO to measure the blue MTT-formazan. The optical density (OD) were measured at 490 nm using an ELISA reader (ELx800uv; Bio Tek Instruments, USA).
Determination of apoptotic cell population
The neuronal cells were treated like group design. After 24 h, the cultures were detected by flow cytometry using double staining of the cells. To determine the apoptotic cell population, cells were stained with FITC-conjugated annexin V and propidium iodide (PI) using a Dead Cell Apoptosis Kit (Biosciencs 556547). The cells were analyzed by flow cytometer (BD-FACSVerse) with excitation emission wavelengths of 540 nm and emission wavelengths of 575 nm. The total number of apoptosis was the sum of viable apoptotic cells and non-viable apoptotic cells.
Measurement of reactive oxygen species (ROS)
The intracellular ROS of hippocampal neurons were determined by ROS Assay Kit (DCFH-DA, Sigma-Aldrich, Merck KGaA). ROS in neuronal cells can oxidize nonfluorescent DCFH to generate fluorescent. Detecting the fluorescence can determine the level of ROS in cells. Neurons were incubated with DCFH-DA (10 µM/L) for 30 min at 37 ℃in the dark. Then, the cells were washed three times with DMEM. The ROS level(red) was observed by fluorescence microscope(Leica IX71) with excitation and emission wavelengths at 488/525 nm.The relative fluorescence intensity of ROS was measured by Image J software (National Institutes of Health).
Measurement of mitochondrial membrane potential (MMP, ∆ψm)
The MMP of neuron cells was measured using JC-10 staining. JC-10 is a lipophilic cationic cyanine dye which shows red fluorescing aggregates in the matrix of mitochondria. When loss of membrane potential, these aggregates break up into green fluorescing monomers. Cells were incubated with 10 µg/ml JC-10 for 45 min at 37 ℃without light. Then the cells were analyzed by flow cytometer (BD-FACSVerse) with excitation emission wavelengths of 488 nm and emission wavelengths of 530 nm. The percentage of aggregates (red fluorescence) and monomers (green fluorescence) was measured. Mitochondrial depolarization was indicated by the percentage of green fluorescence intensity.
Plasmids and Transfections
Lipofectamine 2000 transfection reagent(Invitrogen) was used in cell transfections. According to the manufacturer's instructions, 75 pmol per well of GFP-LC3(Addgene) were added to 100 μl Opti-MEM(Gibco) as Solution A and 7.5 μl Lipofectamine2000 were added to 100 l Opti-MEM as Solution B.Then mixed solution A and solution B and incubate for 20 min at room temperature. After incubation, the mixture were added to cells in 5% CO2 incubator for 6h.Then, the medium was replaced with culture medium and 48h post-transfection, cells were subjected to other treatments.
Immunofluorescence assay
After transfection and each groups' treatment, cells were fixed in 10% paraformaldehyde and washed with PBS three times. Fixed cells were then permeabilized with 0.5% Triton-X 15 min at room temperature and blocked with 3% bovine serum albumin(BSA) 2h at room temperature.Subsequently, cells were probed with primary antibody TOM20 (abcam ab186734) overnight at 4℃. Then rinsed with PBS and incubated with Alexa Fluor secondary antibody (Thermo Fisher Scientific) for 1h at room temperature. Coverslips were observed on a fluorescence microscope(Leica IX71). Three randomly-selected fields from one cover slide were included to get an average value and the overlap coefficient was analyzed.
Real Time-PCR Analysis
Expression of mitophagy-relative gens LC3, PINK1 and Parkin were assessed with the qRT-PCR technique. Total cellular RNA in each groups was isolated using the TRIZOL reagent according to the manufacturer's instructions (Invitrogen, CA, USA). 
Western blot analysis
After treatment, the neurons in each groups were collected and lysed in RIPA lysis buffer (Beyotime, cat. no. P0013B) on ice for 1 h. BCA Protein assay kit (BIOSHARP, BL521A) was used to determine the protein concentrations in cell lysates. In each sample, a total of 20 µg protein were separated by SDS-PAGE and transferred onto PVDF membranes (millipore, cat. no. HATF00010). The membranes were blocked in 5％skim milk in TBST buffer (TBS with 0.1％Tween-20) for 1 h at room temperature and then incubated overnight at 4 ℃with the following primary antibodies: Rabbit anti-LC3 (cat. no. ab48394), anti-Pink1 (cat. no.ab23707), anti-Parkin (cat. no.Ab 15954) and Mouse anti-β-actin (cat. no.ab6275). All primary antibodies were purchased from Abcam, Cambridge, UK. After incubation with horseradish peroxidase-conjugated secondary antibodies for 2 h at room temperature and three washes with TBST, the immunoreactive protein bands were visualized by ECL reagents (millipore, cat. no. WBULS0100) and the intensities of protein bands were analyzed using Image J software (National Institutes of Health).
Statistical analysis
All data are presented as mean±standard deviation (SD) of results derived from at least three independent experiments. Comparisons among multiple groups were performed with one-way one-factor analysis of variance (ANOVA) followed by least significant difference (LSD) t Test. SPSS version 19.0 software (SPSS Inc., IL, USA) was used for statistical analysis. P<0.05 was considered statistically significant. 
